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Abstract: Eight Pinus nigra Arn. populations from Southern Spain and Northern Morocco 
were  examined  using  inter-simple  sequence  repeat  markers  to  characterize  the  genetic 
variability  amongst  populations.  Pair-wise  population  genetic  distance  ranged  from 
0.031 to 0.283, with a mean of 0.150 between populations. The highest inter-population 
average distance was between PaCU from Cuenca and YeCA from Cazorla, while the 
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lowest distance was between TaMO from Morocco and MA Sierra Má gina populations. 
Analysis of molecular variance (AMOVA) and Nei’s genetic diversity analyses revealed 
higher  genetic  variation  within  the  same  population  than  among  different  populations. 
Genetic differentiation (Gst) was 0.233. Cuenca showed the highest Nei’s genetic diversity 
followed by the Moroccan region, Sierra Má gina, and Cazorla region. However, clustering 
of  populations  was  not  in  accordance  with  their  geographical  locations.  Principal 
component analysis showed the presence of two major groups—Group 1 contained all 
populations  from  Cuenca  while  Group  2  contained  populations  from  Cazorla,  Sierra 
Má gina and Morocco—while Bayesian analysis revealed the presence of three clusters. 
The low genetic diversity observed in  PaCU and YeCA is  probably a consequence of 
inappropriate management since no estimation of genetic variability was performed before 
the silvicultural treatments. Data indicates that the inter-simple sequence repeat (ISSR) 
method  is  sufficiently  informative  and  powerful  to  assess  genetic  variability  among 
populations of P. nigra. 
Keywords: Pinus nigra; genetic diversity; populations; ISSR 
 
1. Introduction 
European black pine (Pinus nigra Arn.) is a tertiary relictual species belonging to the group of 
Mediterranean  pines  [1].  Their  forests  are  included  in  the  EU  endangered  natural  habitat  listing 
requiring specific conservation measures (Resolution 4/1996 by the Convention on the Conservation of 
European  Wildlife  and  Natural  Habitats)  due  in  part  to  a  lack  of  basic  understanding  of  their 
regeneration biology [2–4]. P. nigra is one of the oldest European pine species, descending from a 
group that already existed in the Cretaceous (100 million years ago) [5]. P. nigra is a widespread 
species, with a discontinuous range that extends from North Africa through the northern Mediterranean 
and eastwards to the Black Sea. It is also found on the islands of Corsica and Sicily. The fragmented 
distribution has led to morphological variations, which are difficult to interpret and have resulted in 
several diverse classifications. Relatively little is known about its long history, although in the Tertiary 
it was more widespread than today and it seems to have shifted over time from coastal areas to its 
current mountain locations, since the dry cold climate of these areas resembles that of bygone glacial 
periods  [6].  Migratory  movements,  which  occurred  during  interglacial  warm  periods,  brought  the 
emergence of various hybrid populations that later became genetically isolated, thus contributing to its 
difficult taxonomic characterization [7]. 
The species P. nigra is divided into five subspecies: P. nigra ssp. nigra from the Alps; P. nigra ssp. 
laricio  from  Corsica  and  Sicily;  P.  nigra  ssp.  pallasiana  from  Turkey  and  Crimea;  and  both  
P. nigra ssp. salzmannii and P. nigra ssp. mauretanica from North Africa. In Spain, the predominant 
subspecies  is  ssp.  salzmannii,  with  two  varieties  that  are  also  identified  within  the  subspecies  
P.  nigra  ssp.  Salzmannii:  the  hispanica  variety  located  in  the  Iberian  Central  System  and  Betic 
Cordilleras and the pyrenaica variety, which extends throughout Castelló n, Aragó n and Catalonia [7]. Int. J. Mol. Sci. 2012, 13  5647 
 
 
Trees are more vulnerable than annual plants to rapid climate changes since they are not able to 
respond by migration or genetic selection within a short period of time. High genetic variability of 
forest species is therefore important for the processes of adaptation to biotic and abiotic stresses in 
order to ensure the viability of the species. Since the pressure on natural resources has brought about 
significant losses in diversity, especially in tree species, it is essential to gain a comprehensive idea of 
genetic variability amongst populations in order to provide a basis for in situ conservation, exploitation 
of genetic resources and forest management [8–11]. In recent years, a wide array of DNA markers has 
been used in genetic studies on forest populations to assess neutral variation and to analyze population 
structure,  gene  flow,  phylogenetic  relationships  and  genetic  linkage.  Inter-simple  sequence  repeat 
(ISSR) regions of the nuclear DNA, which are dominant molecular markers with high reproducibility, 
can be used to detect DNA variability at different levels, from single base changes to deletions and 
insertions [12–16]. Furthermore, polymorphisms can be detected without any previous knowledge of a 
tree’s DNA sequence. 
Numerous studies have researched the genetic variation in natural populations of P. nigra using 
DNA  markers  [6,7,17].  These  studies  reveal  that  most  diversity  is  typically  partitioned  within 
populations, with a low genetic differentiation among populations. The primary objective of this study 
was to assess genetic variation within and among populations of P. nigra from seven populations in 
Southern Spain and one population in Northern Morocco, in order to develop the genetic background 
for their conservation and restoration. 
2. Results and Discussion 
Two  Pinus  nigra  samples  were  selected  for  preliminary  experiments  to  determine  optimal 
amplification reaction conditions and primer screening for ISSR. 12 primers did not result in any 
amplification, 15 gave unclear profiles in some samples and only eight out of the 35 primers tested 
resulted in well separated bands. On the basis of this data, the 160 samples included in the study were 
analyzed  with  eight  primers  (Table  1).  Most  loci  were  polymorphic  within  each  population  with 
respect to presence and absence of bands. Examination of intra-population genetic diversity revealed 
the  highest  values  of  Nei’s  genetic  diversity  (0.242),  Shannon  information  index  (0.366)  and 
polymorphic loci (79.17%) among samples from ArCU populations and the lowest values of Nei’s 
genetic diversity (0.123), Shannon information index (0.178) and polymorphic loci (29.17%) among 
samples from PaCU populations (Table 2). 
Total genetic diversity for P. nigra in this study (HE = 0.175) was lower than other Pinus species 
similarly researched with ISSR markers, such as Pinus tabuleaformis (0.4152, [18]), Pinus koraiensis 
(0.3477, [19]), Pinus sibirica (0.2699, [20]), Pinus sylvestris (0.2620, [21]; 0.217–0.310, [22]), and 
higher than Pinus squamata (0.029, [23]). The differences in the levels of genetic diversity among 
these species may be related to geographic distribution, number of population tested, population size of 
the species and the effect of climate changes during the last glacial maximum. 
The populations from the Cuenca region showed the highest Nei’s genetic diversity except the 
population  PaCU.  TrCU  and  ArCU  are  natural  populations  and  have  been  neither  exploited  
nor managed. Int. J. Mol. Sci. 2012, 13  5648 
 
 
Table  1.  Inter-simple sequence repeat  (ISSR) primers and their sequences  used in  the 
present study. 
Primer Name  Sequence (5′-3′)  Tm (°C ) 
ISCS14  AGTGAGTGAGTGAGTGAGTGA  52 
ISCS17  DBDBCACCACCACCACCAC  62 
ISCS19  HVHGTGGTGGTGGTGGTG  62 
ISCS20  DHBCGACGACGACGACGA  62 
ISCS21  BDBACAACAACAACAACA  52 
ISCS34  TGTGTGTGTGTGTGTGRC  52 
ISCS41  CTCCTCCTCCTCCTCCTC  62 
ISCS69  CACACACACACACACAA  52 
B: G + T + C; D: G + A + T; H: A + C + T; V: G + C + A. 
Table 2. Genetic diversity of Pinus nigra populations in this study. 
Population  PPL (%)  na  ne  HE  I 
TrCU  70.83  1.542  1.372  0.218  0.331 
ArCU  79.17  1.625  1.410  0.242  0.366 
PaCU  29.17  0.875  1.222  0.123  0.178 
TaMO  54.17  1.208  1.368  0.207  0.303 
MA  62.50  1.375  1.273  0.170  0.268 
PaCA  29.17  0.875  1.239  0.130  0.185 
NaCA  45.83  1.167  1.326  0.180  0.262 
YeCA  37.50  1.083  1.228  0.133  0.199 
Mean  51.04  1.219  1.305  0.175  0.262 
PPL:  percentage  of  polymorphic  loci; na:  number  of  Different  Alleles; ne:  number  of  Effective  Alleles;  
HE: expected Heterozygosity; I: Shannon’s Index diversity. 
The low diversity of PaCU and YeCA can be explained by the forest management practices applied 
to this population. Since the end of the 19th century, the Spanish black pine forest stand at PaCU and 
YeCA has been managed under the shelterwood system with a 100–120-year rotation and 20–30-year 
regeneration period. This Spanish black pine stand was divided into compartments up to 111 hectares 
in  surface,  delineated  by  roads,  streams,  rocky  outcrops  and  other  spatial  features.  Individual 
compartments or a number of aggregated ones were established as management units, and for each 
management  unit  tactical  planning  considerations,  i.e.,  where  and  when  to  apply  silvicultural 
treatments, were defined. According to the shelterwood method context, some seedling trees (from 
1 to 4  per  ha)  were  left  standing.  Thus,  for  each  regeneration  period,  the  new  trees  were  seeded 
naturally with seeds from the seedling trees. This silvicultural system has continued in Cuenca and 
Cazorla for forest stand regeneration, leading to a decrease in genetic diversity in these populations 
since before the silvicultural treatments no estimation of genetic variation of PaCU and YeCA has 
been projected to provide an appropriate strategy for sampling and propagation. 
In 1893, NaCA was first managed under the shelterwood method with a shelter-phase of 20 years 
and a rotation of 120 years. In 1920 an uneven-aged system was applied and in 1944, an ideal reverse-J 
diameter distribution was achieved to resolve the unsuccessful natural regeneration. This silvicultural 
treatment  may  explain  the  lower  Nei’s  genetic  diversity  in  comparison  with  the  two  natural Int. J. Mol. Sci. 2012, 13  5649 
 
 
populations of P. nigra from Cuenca’s region (TrCU and ArCU). Tiscar-oliver et al. [24] studied the 
impact  of  the  management  in  PaCU  and  NaCA  in  the  structure  and  composition  of  P.  nigra 
populations. The authors concluded that the number of large trees and the diameter classes decrease in 
both populations over time; however the uneven-aged silvicultural method showed higher values of 
both variables. No management data were recorded for TaMO, MA and PaCA. 
Pair-wise Nei’s distances [25] were calculated for all the populations. The highest inter-population 
average  distance  (0.283)  was  between  PaCU  and  YeCA,  while  the  lowest  distance  (0.031)  was 
between TaMO and MA populations (Table 3). 
Table  3.  Inter-population  genetic  distances  calculated  by  Nei’s  method.  Above  the 
diagonal are values of Nei’s unbiased genetic distances, those below the diagonal are Nei’s 
genetic distances. The underlined values are maximum or minimum genetic distances. 
  TrCU  ArCU  PaCU  TaMO  MA  PaCA  NaCA  YeCA 
TrCU  -  0.037  0.079  0.249  0.267  0.223  0.252  0.244 
ArCU  0.040  -  0.057  0.115  0.113  0.158  0.196  0.187 
PaCU  0.087  0.065  -  0.168  0.171  0.176  0.230  0.268 
TaMO  0.258  0.124  0.181  -  0.019  0.111  0.121  0.116 
MA  0.274  0.120  0.183  0.031  -  0.121  0.161  0.177 
PaCA  0.233  0.168  0.191  0.126  0.134  -  0.118  0.143 
NaCA  0.264  0.208  0.247  0.138  0.176  0.136  -  0.046 
YeCA  0.254  0.198  0.283  0.131  0.191  0.160  0.064  - 
The low distance between TaMO and MA is logical since Southern Spain and  Northern Morocco 
have the same geological origin. Several authors have highlighted the floristic continuity of both sides 
of  the  Strait  of  Gibraltar  and  have  thus  proposed  the  creation  of  a  Tingitanian -Aljibean  floristic  
sector [26]. Exchange of terrestrial organisms between Africa and Europe at the western margin of the 
Mediterranean Sea is well documented. During the Betic crisis 16–14 Myr, marine transgressions 
through  the  Betic  Strait  separated  the  Betic-Rif  mountain  belt  [27]  from  the  Iberian  mainland. 
Dispersal throughout the Betic arch, which consisted of a chain of small mountain ridges, was possible. 
Finally, promoted by the further orogenic uplift of the Alboran basin between Iberia and Africa, the 
southernmost  part  of  the  insular  Betic  region  connected  to  the  African  continent  and  formed  the 
present-day Rif Mountains. In the Pliocene, the tectonic movement of the African plate towards the 
European plate and again an uplift of the Alboran region closed the Strait of Gibraltar c. 5.59 Myr [28,29]. 
The  resulting  land  bridge  between  Africa  and  Europe  persisted  for  a  long  period  of  time.  As  a 
consequence, the Mediterranean Sea steadily desiccated (Messinian salinity crisis; [30]) and dispersal 
was possible not only across the land bridge but also throughout large parts of the Mediterranean basin. 
At 5.33 Myr, the Strait of Gibraltar reopened and again separated Africa from Europe. As of present, 
Southern Spain and Northern Morocco share approximately 75% of their flora. 
The average distance between populations  from  the Cuenca region  (0.064) was  lower than the 
populations  from  Cazorla  (0.120)  suggesting  different  patterns  of  genetic  exchange  and  genetic 
divergence between the two regions. Based on these distances, principal component analysis (PCA) 
analysis was computed showing the presence of two major groups (Figure 1). Group 1 contains all Int. J. Mol. Sci. 2012, 13  5650 
 
 
populations  from  Cuenca  while  Group  2  contains  populations  from  Cazorla,  Sierra  Má gina  and 
Morocco, thus indicating cross-migration from one region to another. 
Figure 1. Principal component analysis (PCA) plot of the eight populations based on the 
first two principal axes (first axis = 51.63% and the second = 22.16%). Population names 
are abbreviated as in Table 4. 
 
The genetic differences between the Cazorla and Cuenca regions may be due to several factors such 
as natural barriers, agricultural and forest harvesting, local adaptation and management methods [24].  
The population structure of P. nigra inferred using the method of Pritchard et al. [31], was carried 
out by STRUCTURE (version 2.3; University of Chicago: Chicago, IL, USA, 2004). The plot of the 
average log likelihood values over 10 runs for K values ranging from 2 to 10 shows that the log 
likelihood estimates increase progressively as K increases (Figure 2). The optimal value of K was 3 as 
determined by the K statistic STRUCTURE (Figure 3). We calculated the proportions of membership 
(q1 for cluster 1, q2 for cluster 2, and q3 for cluster 3, with q1 + q2 + q3 = 1) of each region Cazorla, 
Cuenca, Sierra Má gina and Morocco. The populations from Cazorla, Morocco and Sierra Má gina were 
assigned  to  cluster  3,  with  a  high  percentage  membership  q3  =  0.85  for  Cazorla,  q3  =  0.89  for 
Morocco and q3 = 0.93 for Sierra Má gina which corresponds to Group 2 in the PCA analysis; all the 
populations from Cuenca region were assigned to cluster 1 and 2 with percentage  membership of  
q1 = 0.35 and q2 = 0.54. 
Figure  2.  The relationship  between the log probability of the data and the number of 
clusters K using the ISSR data. 
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Table 4. Sampling of accessions from different populations of P. nigra used in this study. 
Country, Locality  Site 
Population 
Code 
Elev. (m)  Longitude  Latitude  n 
Mean Annual 
Temperature (° C) 
a 
Mean Annual 
Precipitation (mm) 
a 
Spain, Cuenca (CU)  Tragacete  TrCU  1641  1° 47'22.68''W  40° 20'32.94''N  50  7.54  1247 
Spain, Cuenca (CU)  Arcas  ArCU  1099  2° 04'04.38''W  39° 54'27.00''N  50  10.94  735 
Spain, Cuenca (CU)  Palancares  PaCU  1185  1° 57'38.97''W  40° 00'28.86''N  10  10.38  818 
Morocco, Talassemtane (MO)  Talassemtane  TaMO  1710  5° 08'26.63''W  35° 08'30.33''N  10  9.86  1830 
Spain, Sierra Má gina (MA)  Sierra Má gina  MA  1820  3° 26'50.74''W  37° 42'44.96''N  10  11.51  1128 
Spain, Cazorla (CA)  Palancares  PaCA  1084  2° 51'59.90''W  38° 06'8.25''N  10  12.64  939 
Spain, Cazorla (CA)  Navaciazo  NaCA  1400  2° 51'43.84''W  37° 53'45.75''N  10  10.45  1219 
Spain, Cazorla (CA)  Yelmo  YeCA  1565  2° 39'19.51''W  38° 14'56.97''N  10  9.76  975 
Elev.: elevation; n: number of samples in each population; 
a Data collected from local forestry departments. 
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Figure 3. STRUCTURE analysis of eight populations of Pinus nigra sampled to assess  
inter-simple sequence repeat markers. (A) K = 3 appeared to be the optimal number of 
clusters by showing the K at its peak; (B) Results based on K = 3 using a Bayesian 
framework  implemented  in  the  STRUCTURE  program  across  individuals  from  the  
studied populations. 
 
Based  on  the  AMOVA  analysis,  only  9%  of  the  total  variation  resides  among  the  P.  nigra 
population, while 52% is attributed to the differences among individuals within populations and 39% 
among regions. The contributions from each of the three sources were significantly greater than 0, 
indicating statistically significant genetic differentiations among and within populations (P < 0.01 in 
the AMOVA tests). A relatively high level of differentiation among populations in the studied regions 
was found. Our data showed that 9% of the total genetic variation was attributed among populations 
which  were  much  higher  than  the  one  reported  by  Naydenov  et  al.  [6]  analyzing  populations  of  
P.  nigra  from  Bulgaria.  The  most  genetic  variation  in  P.  nigra  is  within  populations  rather  than 
between them, indicating relatively restricted population differentiation. Such a pattern of population 
genetic structure has been found in all P. nigra populations in different regions [6,7,17]. The high level 
of observed genetic diversity within populations is in accordance with the findings of Hamrick and 
Godt [32] who suggested that gymnosperms, with long lifespans, high outcrossing rates and fecundity, 
maintain high intra-population genetic diversity. The majority of conifer populations studied display 
relatively high levels of genetic diversity and low levels of interpopulational differentiation compared 
to other groups of plants. Generally speaking they also display genotypic frequencies consistent with 
Hardy-Weinberg equilibrium  or an excess  of heterozygotes. The extraordinary high differentiation 
among regions is probably due to the action of genetic drift and relatively low levels of gene flow.  
The same pattern was reported in other studies within conifer species [33,34]. Int. J. Mol. Sci. 2012, 13  5653 
 
 
Both a small positive correlation of genetic diversity with a mean annual precipitation (r = 0.3) and 
a medium negative correlation with a mean temperature (r = −0.4) were found. Geographic distances 
between population-pairs were not correlated with the corresponding genetic distance (Mantel test:  
r = 0.151, P = 0.196; Figure 4), revealing different patterns of genetic diversity among populations of 
P. nigra, irrespective of their geographical distribution. These findings also support the clustering of 
the population from Morocco (TaMO) with the population from Sierra Má gina (MA). The climate 
changes during the late Pliocene and the Pleistocene in the Mediterranean region are highly complex 
and palaeoenvironmental data have demonstrated century-to-millennial climate variability, with rapid 
changes [35,36]. A recent study conducted by Medial and Diadema [37] who identified 52 refugia in 
the Mediterranean bioclimatic region and confirmed the role played by the three major peninsulas, 
with  a  shared  total  of  25  refugia.  The  locations  of  the  phylogeographically  defined  refugia  are 
significantly associated with the 10 regional hotspots of plant biodiversity, with 26 of these refugia 
(i.e., 50%) occurring within the hotspots. Hotspot 2, which encompasses the Baetic–Rifan complex, 
supports the relatedness of the Morocco population with those of southern Spain. 
Figure 4. Relationship between genetic and geographic distances among the populations of 
Pinus nigra included in this study. The line is the regression fitted to the data.  X-axis 
geographic distance in kilometers; Y-axis Nei’s genetic distance. 
 
The data reported in this study should be validated using a large size of samples from PaCU, TaMO, 
MA, PaCA, NaCA and YeCA populations and should be complemented using codominant markers. 
3. Experimental Section  
3.1. Plant Material and Population Selection 
One hundred sixty samples of Pinus nigra, collected in October 2010 from eight populations, were 
sampled from four regions: 1-Cuenca (Spain), 2-Talassemtane (Morocco), 3-Sierra Má gina (Spain) 
and 4-Cazorla (Spain) (Table 4 and Figure 5). All the areas studied fall within a Mediterranean type 
climate,  with  snowfalls  and  frost  common  during  the  winter  and  hot,  dry  summers.  Rock  parent 
material is Cretaceous limestone at all sites, and soils are calcium rich and mainly shallow. Int. J. Mol. Sci. 2012, 13  5654 
 
 
Figure  5.  Geographic  locations  of  populations  sampled  from  Spain  and  Morocco. 
CU (Cuenca Mountains); CA (Cazorla Mountains); MA (Sierra Má gina); MO (Atlas Range). 
 
3.2. DNA Extraction 
DNA was extracted from 150 to 300 mg of needle/bud material using a modified method [38]. Leaf 
material was then ground to a fine powder in liquid nitrogen and placed in a microcentrifuge tube with 
2 mL of extraction buffer (2% CTAB, 100 mM Tris-HCl pH 8.0, 20 mM EDTA, 1.4 M NaCl, and 
0.01% proteinase K) plus 40 μL of 2-mercaptoethanol. Following incubation at 65 ° C for 30 min,  
1.4 mL of chloroform:isoamyl  alcohol (24:1)  was  added, mixed and  centrifuged at  8000 rpm  for  
30 min; the supernatant was transferred to a new tube and then the process was repeated three times. 
DNA was precipitated with isopropanol (2/3 volume of supernatant), then centrifuged at 8000 rpm for 
30 min, the supernatant discarded and the pellet washed in 70% ethanol containing 10 mM ammonium 
acetate for 20 min. The pellet was dissolved in 100 μL of TE buffer (10mM Tris-HCl pH 7.4, 1 mM 
EDTA) and the DNA was reprecipitated with ½ volume of ammonium acetate 3 M and 2.5 volumes of 
ethanol. After centrifuging at 8000 rpm for 30 min, the pellet was redissolved in TE buffer with 
10 μg/mL  RNase  and  incubated  at  30  ° C  for  30  min.  The  extracted  DNA  was  quantified  with  a 
spectrophotometer, diluted to 30 ng/μL in TE and then stored at −20 ﾰC for further analysis. 
3.3. DNA Amplification 
15 and 30 ng of genomic DNA were amplified in a volume of 25 μL containing 10 mM Tris-HCl, 
pH 9.0, 1.5 mM MgCl2, 200 μM each of dATP, dCTP, dGTP, and dTTP, 0.4 μM primer, and 1 unit of 
Taq DNA polymerase using a thermal cycler (MJ-Mini, BioRad). The cycling program began with an 
initial 2 min at 94 ° C followed by 40 cycles at 94 ° C for 45 s, 52–62 ° C for 45 s and 72 ° C for 2 min 
plus a final 10 min at 72 ° C and storage at 4 ° C. Water was the negative control while the positive 
control  showed  an  amplicon  of  expected  size  =  320  bp.  The  sequences  of  primers  are  shown  in  
Table  1.  Amplification  products  were  separated  by  electrophoresis  in  2%  agarose  gel  containing  
1 μg/mL ethidium bromide and TAE buffer. Ten microlitres of amplified DNA were mixed with 3 μL 
sample buffer (1.2 mg/mL; 125 mg/mL Ficoll) and 10 μL was applied in each well of the gel. DNA 
molecular weight markers (1 kb, Promega) were then added to each gel. The gels were run at a current 
of 50 mA until the bromophenol had migrated 10 cm from the well. The bands were then visualized Int. J. Mol. Sci. 2012, 13  5655 
 
 
under UV light and photographed. To ensure the reproducibility of the method, the procedure was 
repeated three times for each concentration of genomic DNA and primer. 
3.4. Data Analysis 
We analyzed ISSR data based on both allele and phonotypic frequencies. Polymorphic bands were 
selected at the 95% level (two-tailed test) for use in further analyses. Data matrices were analyzed 
using POPGENE version 1.32 [39] with the assumption that the populations were in Hardy–Weinberg 
equilibrium.  The  following  parameters  were  determined:  percentage  of  polymorphic  loci  (PPL), 
number  of  alleles  per  locus  (na),  effective  number  of  alleles  per  locus  (ne),  genetic  diversity  
(HE  =  expected  heterozygocity),  Shannon’s  index  diversity  (I)  and  genetic  differentiation  among 
populations (GST). 
We examined the hierarchical  genetic variation  across the  geographic range of the populations 
studied  using  an  analysis  of  molecular  variance  (AMOVA)  determined  with  GenAlEx  6.41  [40].  
To test the correlations among genetic distances and geographic distances of populations, Mantel’s [41] 
tests were conducted. The randomized Mantel statistic (Pearson correlation,  r) was calculated and 
assessed by permuting the arrangement of distance matrices. The P value associated to the observed 
correlation is the proportion of such permutations that lead to a higher correlation coefficient than the 
one observed. The Pearson  correlation coefficients  between pairs of  genetic diversity  and climate 
factor  (temperature  and  precipitation)  for  these  populations  were  analyzed  with  Excel  (Microsoft 
Office Excel 2003, Microsoft Corporation: Redmond, WA, USA, 2003). We tested the null hypothesis 
that  genetic  distance  and  geographical  distance  matrices  are  not  correlated  against  the  alternative 
hypothesis  that the two matrices  are correlated using GenAlEx 6.41. Genetic relationships  among 
populations were studied via principal component analysis (PCA) using GenAlEx 6.41 [40]. 
Bayesian assignment tests were applied to estimate the number of genetic clusters and to evaluate 
the degree of admixture among them using Structure v2.3.3 [42]. Structure was run with a ―burn-in‖ 
setting of 100,000 followed by 20,000 MCMC iterations using the admixture model with sampling 
localities as prior population assignment and with allelic frequencies correlated among populations. 
Ten runs were performed for each value for K ranging from 2 to 10. The most likely value for K was 
calculated with Structure Harvester [43] using the statistic K, which represents the greatest rate of 
change between each subsequent K value [44]. 
4. Conclusions 
Genetic differentiation among populations of Pinus nigra in the studied regions is essential for 
conservation of  genetic  resources.  If  genetic diversity is  to be preserved an estimation  of  genetic 
variability of populations should be achieved before initiating a planting strategy. The low genetic 
diversity observed in PaCU and YeCA is probably a direct consequence of inappropriate management 
since  no  estimation  of  genetic  variability  was  carried  out  before  the  silvicultural  treatments.  
We  strongly  recommended  testing  the  genetic  variability  of  populations  before  any  management.  
Our results indicate that ISSR are sufficiently informative for assessing genetic variability. Because of 
the dominant nature of the ISSR markers, the application of codominant molecular markers should be 
undertaken to complement the data reported here. Int. J. Mol. Sci. 2012, 13  5656 
 
 
Acknowledgments 
We thank J. Argandoñ a Picazo for technical assistance and K.A. Walsh (Escuela Té cnica Superior 
de Ingenieros Agró nomos. Universidad de Castilla-La Mancha, Albacete, Spain) for language revision 
and three anonymous reviewers who provided comments that notably improved the article. This work 
was supported by the ―Junta de comunidades de Castilla-La Mancha‖ (JCCM) [POII10-0112-7316].  
D. Candel-Perez is a predoctoral fellowship of the ―Junta de comunidades de Castilla-La Mancha‖.  
O. Ahrazem was funded by PCYTA through the INCRECYT Programme. 
References 
1.  Bogunic, F.; Muratovic, E.; Ballian, D.; Siljak-Yakovlev, S.; Brown, S. Genome size stability 
among five subspecies of Pinus nigra Arnold s.l. Environ. Exp. Bot. 2007, 59, 354–360. 
2.  Kerr,  G.  Natural  regeneration  of  corsican  pine  (Pinus  nigra  subsp.  laricio)  in  Great  Britain. 
Forestry 2000, 73, 479–487. 
3.  Lucas-Borja,  M.E.;  Fonseca,  T.;  Parresol,  B.R.;  Silva-Santos,  P.;  Garcí a-Morote,  F.A.;  
Tí scar-Oliver, P.A. Modelling Spanish black pine seedling emergence: Establishing management 
strategies for endangered forest areas. For. Ecol. Manag. 2011, 262, 195–202. 
4.  Tí scar, P.A. Condicionantes y limitaciones de la regeneració n natural en un pinar oromediterrá neo 
de Pinus nigra subsp. salzmannii. Investig. Agrar. Sist. Recur. For. 2003, 12, 55–64. 
5.  Gernandt,  D.S.;  Magalló n,  S.;  Ló pez,  G.G.;  Flores,  O.Z.;  Willyard,  A.;  Liston,  A.  Use  of 
simultaneous analyses to guide fossil-based calibrations of pinaceae phylogeny. Int. J. Plant Sci. 
2008, 169, 1086–1099. 
6.  Naydenov, K.D.; Tremblay, F.M.; Fenton, N.J.; Alexandrov, A. Structure of Pinus nigra Arn. 
populations in Bulgaria revealed by chloroplast microsatellites and terpenes analysis: Provenance 
tests. Biochem. Syst. Ecol. 2006, 34, 562–574. 
7.  Afzal-Rafii,  Z.;  Dodd,  R.S.  Chloroplast  DNA  supports  a  hypothesis  of  glacial  refugia  over 
postglacial recolonization in disjunct populations of black pine (Pinus nigra) in western Europe. 
Mol. Ecol. 2007, 16, 723–736. 
8.  Littell, J.S.; Oneil, E.E.; McKenzie, D.; Hicke, J.A.; Lutz, J.A.; Norheim, R.A.; Elsner, M.M. 
Forest ecosystems, disturbance, and climatic change in Washington State, USA. Clim. Change 
2011, 102, 129–158. 
9.  Oleksyn,  J.;  Tjoelker,  M.G.;  Reich,  P.B.  Adaptation  to  changing  environment  in  Scots  pine 
populations across a latitudinal gradient. Silva Fenn. 1998, 32, 129–140. 
10.  Aitken, S.N.; Yeaman, S.; Holliday, J.A.; Wang, T.; Curtis-McLane, S. Adaptation, migration or 
extirpation: Climate change outcomes for tree populations. Evol. Appl. 2008, 1, 95–111. 
11. Thuiller, W.; Albert, C.; Araú jo, M.B.; Berry, P.M.; Cabeza, M.; Guisan, A.; Hickler, T.; Midgley, 
G.F.;  Paterson,  J.;  Schurr,  F.M.;  et  al.  Predicting  global  change  impacts  on  plant  species’ 
distributions: Future challenges. Perspect. Plant Ecol. Evol. Syst. 2008, 9, 137–152. 
12.  Chezhian, P.; Yasodha, R.; Ghosh, M. Genetic diversity analysis in a seed orchard of Eucalyptus 
tereticornis. New For. 2010, 40, 85–99. Int. J. Mol. Sci. 2012, 13  5657 
 
 
13.  Naik, D.; Singh, D.; Vartak, V.; Paranjpe, S.; Bhargava, S. Assessment of morphological  and 
genetic diversity in Gmelina arborea Roxb. New For. 2009, 38, 99–115. 
14.  Ló pez-Aljorna,  A.;  Bueno,  M.Ã.;  Aguinagalde,  I.;  Martí n,  J.P.  Fingerprinting  and  genetic 
variability in cork oak (Quercus suber L.) elite trees using ISSR and SSR markers. Ann. For. Sci. 
2007, 64, 773–779. 
15.  Feyissa,  T.;  Nybom,  H.;  Bartish,  I.V.;  Welander,  M.  Analysis  of  genetic  diversity  in  the 
endangered tropical tree species Hagenia abyssinica using ISSR markers. Genet. Resour. Crop Evol. 
2007, 54, 947–958. 
16.  Angelone, S.; Hilfiker, K.; Holderegger, R.; Bergamini, A.; Hoebee, S.E. Regional population 
dynamics define the local genetic structure in Sorbus torminalis. Mol. Ecol. 2007, 16, 1291–1301. 
17.  Çengel, B.; Tayanç , Y.; Kandemir, G.; Velioglu, E.; Alan, M.; Kaya, Z. Magnitude and efficiency 
of  genetic  diversity  captured  from  seed  stands  of  Pinus  nigra  (Arnold)  subsp.  pallasiana  in 
established seed orchards and plantations. New For. 2011, doi:10.1007/s11056-011-9282-8. 
18.  Wang, M.B.; Hao, Z.Z. Rangewide genetic diversity in natural populations of Chinese pine (Pinus 
tabulaeformis). Biochem. Genet. 2010, 48, 590–602. 
19.  Feng, F.J.; Han, S.J.; Wang, H.M. Genetic diversity and genetic differentiation of natural Pinus 
koraiensis populations. J. For. Res. 2006, 17, 21–24. 
20.  Yang, C.P.; Wei, L.; Jiang, J.; Liu, G.F.; Zhao, G.Y. Analysis of genetic diversity for nineteen 
populations of Pinus sibirica Du Tour with technique of ISSR. J. Northeast For. Univ. 2005,  
33, 1–3. 
21.  Liu, G.F.; Dong, J.X.; Jiang, Y.; Lu, Y.F.; Jiang, J.; Zhao, G.Y. Analysis of genetic relationship in 
12 species of Section Strobus with ISSR markers. J. For. Res. 2005, 16, 213–215. 
22.  Labra,  M.;  Grassi,  F.;  Sgorbati,  S.;  Ferrari,  C.  Distribution  of  genetic  variability  in  southern 
populations of Scots pine (Pinus sylvestris) from the Alps to the Apennines. Flora 2006, 201, 
468–476. 
23.  Zhang, Z.Y.; Chen, Y.Y.; Li, D.Z. Detection of low genetic variation in a critically endangered 
Chinese  pine,  Pinus  squamata,  using  RAPD  and  ISSR  markers.  Biochem.  Genet.  2005,  43,  
239–249. 
24.  Tiscar-oliver, P.A.; Lucas-Borja, M.E.; Candel-Perez, D. Vreal_IUFRO changes in the structure 
and  composition  of  two  Pinus  nigra  subsp.  salzmannii  forest  over  a  century  of  different 
silvicultural treatments. For. Syst. 2011, 20, 525–535. 
25.  Nei, M. Analysis of gene diversity subdivided populations. Proc. Natl. Acad. Sci. USA 1973, 70, 
3321–3323. 
26.  Rodrí guez-Sá nchez, F.; Pé rez-Barrales, R.; Ojeda, F.; Vargas, P.; Arroy, J. The strait of Gibraltar 
as a melting pot for plant biodiversity. Quat. Sci. Rev. 2008, 27, 2100–2117. 
27.  Lonergan, L.; White, N. Origin of the Betic-Rif mountain belt. Tectonics 1997, 16, 504–522. 
28.  Duggen, S.; Hoernle, K.; van den Bogaard, P.; Rü pke, L.; Morgan, J. Deep roots of the Messinian 
salinity crisis. Nature 2003, 422, 602–606. 
29.  Krijgsman, W.; Hilgen, F.; Raffi, I.; Sierro, F.; Wilson, D. Chronology, causes and progression of 
the Messinian salinity crisis. Nature 1999, 400, 652–655. 
30.  Hsü , K.; Montadert, L.; Bernoulli, D.; Cita, M.; Erickson, A.; Garrison, R.; Kidd, R.; Melieres, F.; 
Mü ller, C.; Wright, R. History of the Mediterranean salinity crisis. Nature 1977, 267, 399–403. Int. J. Mol. Sci. 2012, 13  5658 
 
 
31.  Pritchard,  J.K.; Stephens,  M.;  Donnelly,  P.  Inference  of  population  structure  from  multilocus 
genotype data. Genetics 2000, 155, 945–959. 
32.  Hamrick, J.; Godt, M. Allozyme Diversity in Plant Species. In Differentiation Patterns in Higher 
Plants; Urbanski, K., Ed.; Academic Press: New York, NY, USA, 1989; pp. 53–67. 
33.  Aguirre-Planter, E.; Furnier, G.R.; Eguiarte, L.E. Low levels of genetic variation within and high 
levels of genetic differentiation among populations of species of Abies from southern Mexico and 
Guatemala. Am. J. Bot. 2000, 87, 362–371. 
34.  Ingvarsson,  P.R.K.  Nucleotide  polymorphism  and  linkage  disequilibrium  within  and  among 
natural populations of European Aspen (Populus tremula L., Salicaceae). Genetics 2005, 169, 
945–953. 
35.  de Beaulieu, J.L.; Miras, Y.; Andrieu-Ponel, V.; Guiter, F. Vegetation dynamics in north-western 
Mediterranean  regions:  Instability  of  the  Mediterranean  bioclimate.  Plant  Biosyst.  2005,  139, 
114–126. 
36.  Martrat,  B.; Grimalt, J.O.; Shackleton, N.J.; de Abreu, L.; Hutterli, M.A.; Stocker, T.F. Four 
climate cycles of recurring deep and surface water destabilizations on the Iberian margin. Science 
2007, 317, 502–507. 
37.  Mé dail, F.; Diadema, K. Glacial refugia influence plant diversity patterns in the Mediterranean 
Basin. J. Biogeogr. 2009, 36, 1333–1345. 
38.  Doyle, J.; Doyle, J. A rapid DNA isolation procedure for small quantities of fresh leaf tissue. 
Phytochem. Bull. 1987, 19, 11–15. 
39.  Popgene, version 1.32; the user-friendly shareware for population genetic analysis; Molecular 
Biology and Biotechnology Center, University of Alberta: Edmonton, Canada, 1997. Available 
online: http://www.ualberta.ca/~fyeh (accessed on 23 November 2011). 
40.  Peakall,  R.O.D.;  Smouse,  P.E.  GENALEX  6:  Genetic  analysis  in  Excel.  Population  genetic 
software for teaching and research. Mol. Ecol. Notes 2006, 6, 288–295. 
41.  Mantel, N. The detection of disease clustering and a generalized regression approach. Cancer Res. 
1967, 27, 209–220. 
42.  Pritchard, J.K.; Stephens, M.; Donnelly, P.  Inference of population structure using multilocus 
genotype data. Genetics 2000, 155, 945–959. 
43.  Earl, D.A.; vonHoldt, B.M. STRUCTURE HARVESTER: A website and program for visualizing 
STRUCTURE output and implementing the Evanno method. Conserv. Genet. Resour. 2012, 4, 
359–361. 
44.  Evanno,  G.;  Reganut,  E.;  Goudet,  J.  Detecting  the  number  of  clusters  of  individuals  using 
STRUCTURE: A simulation study. Mol. Ecol. 2005, 14, 2611–2620. 
© 2012 by the authors; licensee MDPI,  Basel,  Switzerland. This  article is  an open  access  article 
distributed  under  the  terms  and  conditions  of  the  Creative  Commons  Attribution  license 
(http://creativecommons.org/licenses/by/3.0/). 